ABSTRACT: Stem and progenitor cells derived from adult marrow have been shown to regenerate vascular cells in response to injury. However, it is unclear whether the type of injury dictates the contribution of such cells to neovascularization and which subpopulations of cells contribute to vascular regeneration. To address these questions, we determined the extent that hematopoietic stem cells (HSC) contributed to blood vessel formation in response to two types of liver injury, partial hepatectomy (PH) and toxin-induced injury. Lac-Z-labeled HSC were engrafted into lethally irradiated, genetically matched recipients. After 14 d, we identified transplanted cells engrafted within the vascular endothelium of toxin-damaged liver, but not in the vasculature of liver regenerated in response to PH. Engraftment of HSC-derived cells occurred in a gradient fashion with the highest activity in the severely injured areas. Although HSCderived cells contributed to both microvessels and large vessels, the large caliber vessels trended toward higher engraftment levels. Thus, the contribution of marrow-derived cells to hepatic neovascularization is dependent upon the type of injury sustained. Furthermore, following toxin-induced liver injury, engraftment rates trended higher in large vessels compared with capillaries, suggesting that remodeling of existing vessels is a predominant mechanism of repair, relative to the formation of new microvasculature. 
A ll humans, from the preterm infant to the aging adult, would benefit from an ability to enhance tissue repair. Tissue regeneration and remodeling, such as in the liver (1, 2) and heart (3), is dependent upon neovascularization of the injured tissues. Similarly, vascular development has been shown to play a critical role in early organ development (4) . Thus, improving vascular regeneration should optimize healing and improve the survival and function of injured tissues for all age groups.
The precise origin of specific cells that support postnatal vascular regeneration and their relative contributions remains unclear. Recent studies have demonstrated that bone marrowderived stem and progenitor cells contribute to vascular repair following tissue injury (5) (6) (7) (8) . Vascular progenitors reside within other nonmarrow adult tissues, including skeletal muscle (9, 10) , peripheral blood (11, 12) , and liver (13) . However, there is evidence that circulating and tissue-resident vascular progenitor cells are primarily derived from and replenished by the marrow (9) . The specific cellular origin of the most primitive vascular progenitor population within the marrow has yet to be delineated. Since hematopoietic stem cell (HSC)-derived cells have been shown to contribute to regeneration of the vascular endothelium following tissue injury (3,9 -11) , it is suggested that HSC are the source of circulating endothelial progenitor cells, which in turn differentiate into mature endothelial cells (EC). However, the differentiation of primitive HSC or their progeny toward an EC fate remains to be conclusively demonstrated.
Although there is evidence that marrow-derived cells contribute to vascular regeneration, the extent to which they contribute to blood vessel formation and remodeling widely vary in different studies (14, 15) . Nonetheless, injury appears to be an important stimulus, since engraftment of marrowderived cells into blood vessels is rarely observed in uninjured tissues (15) . To determine whether the type of injury dictates the relative contribution of marrow-derived cells to vascular repair, we measured levels of engraftment of marrow cells into the liver vasculature in response to two distinct types of injury, partial hepatectomy (PH) and toxin-induced injury. PH was selected because the procedure removes a large portion of the liver, necessitating tissue regeneration, yet also leaves a hepatic lobe containing resident stem and progenitor cells capable of local repair (16) . In contrast, the toxin allyl alcohol (AA) induces a periportal (zone 1) liver injury, resulting in damage to hepatic vessels and subsequent ischemia, and is thought to destroy local endogenous stem and progenitor cells within the intact tissue (17) .
To quantify the extent to which marrow-derived cells contribute to different types of injury-induced hepatic neovascularization, we used a HSC transplantation model to mark marrow-derived circulating cells. HSC were isolated as side population (SP) cells, a population shown in single-cell transplantation studies to be functionally equivalent to HSC isolated by cell surface marker expression (18, 19) . We selected HSC as the primary marrow population of interest because they have been proposed as the source of vascular stem and progenitor cells (9, 20) . To date, the contribution of marrow progenitor cells to damaged liver has focused on epithelial cell regeneration; few studies have evaluated hepatic vascular regeneration, which appears to be of substantial importance for overall tissue regeneration (1, 2, 21) . This issue is addressed herein.
In these studies, we found the type of injury sustained is a key determinant of whether HSC-derived cells will contribute to vessel regeneration in the liver. That is, HSC-derived cells appeared to contribute to neovascularization when local stem and/or progenitors were ablated (AA injury), but not when intact endogenous stem and progenitor cells remained (PH injury). Furthermore, engraftment of HSC-derived cells into blood vessels occurred in a gradient fashion, with the highest engraftment in the most severely injured regions. HSCderived cells tended to contribute more to the remodeling of large, existing vessels versus the formation of new microvasculature.
These results suggest that clinical therapies designed to optimize the contribution of marrow-derived cells to neovascularization may not be useful for all types of tissue injury. Therefore, when contemplating the use of marrow-derived cells for vascular regeneration, both type of injury and desired vascularization outcome should be considered.
METHODS
Marrow cell isolation and transplantation. Animal studies were approved by Baylor College of Medicine institutional review board. Marrow was extracted from tibias and femurs of C57Bl/6-Rosa26-CD45.2 mice (Jackson Laboratories, Bar Harbor, ME) at 8 -12 wk of age, suspended at 10 6 cells/mL in DMEM supplemented with 2% FBS/10 mmol HEPES, then stained with 5 g/mL Hoechst 33342 (Sigma Chemical Co.-Aldrich, St. Louis, MO) for 90 min at 37°C, as previously described (5, 19) . Cells were resuspended in cold HBSS containing 2% FBS/10 mmol HEPES and 2 g/mL propidium iodide. Analysis and collection of HSC (side population cells) were performed on a triple-laser MoFlow instrument (Cytomation Inc., Fort Collins, CO), as previously described. HSC accounted for 0.03-0.05% of unfractionated marrow.
C57Bl/6-CD45.1 mice (Jackson Laboratories) were lethally irradiated (10 Gy) and retro-orbitally injected with 2000 HSC isolated from C57Bl/6-Rosa26-CD45.2 mice. Eight weeks after transplantation, hematopoietic engraftment was determined by peripheral blood analysis using antibodies against CD45.2 (clone 104, BD Biosciences-PharMingen, San Jose, CA) followed by fluorescence-activated cell sorting analysis. Average hematopoietic engraftment was Ͼ80%. Isoflurane anesthesia was used during injections and phlebotomy. We chose the lacZ reporting system over GFP to avoid reported false positives (22) .
PH. Twelve weeks following HSC transplantation (n ϭ 3), two hepatic lobes were surgically removed (23) under Avertin anesthesia. Survival was 100%. Mice were killed 2 wk after injury, at which time vascular regeneration is maximal (24) . Regenerated livers were frozen and evaluated for incorporation of transplanted cells.
AA-induced liver injury. For toxin-induced hepatic injury, we selected AA because it induces periportal (zone 1) injury, thereby maximizing the degree of vascular injury (17) . Twelve weeks following HSC transplantation (n ϭ 5), mice were injected with AA (Sigma Chemical Co.-Aldrich) in two intraperitoneal doses: 39 mg/kg on d -7, and 57 mg/kg on d 0 (17) . Nontransplanted control C57Bl/6 mice (n ϭ 2) were treated with the same regimen to evaluate for up-regulation of endogenous ␤gal activity. Survival was 100%. To monitor hepatic injury, serum transaminases and bilirubin levels were measured 2 wk before injury, and on d 1 and 8 following injection. An additional group of transplanted, AA-injured animals (n ϭ 5) were used for transaminase and bilirubin measurements. Baylor Comparative Pathology Laboratory analyzed blood samples. Two weeks following injury, livers were frozen for immunohistochemical analysis.
Immunohistochemical analysis. Frozen sections (7 m) of experimental and control liver tissue were immunostained with antibodies against VEcadherin (BD Biosciences-PharMingen; 1:50) and ICAM-2 (BD BiosciencesPharMingen; 1:50) to identify ECs, and desmin (DAKO, Glostrup, Denmark; 1:500) and SM-␣-actin (DAKO; 1:500) to identify pericytes and smooth muscle cells within vascular structures. For VE-cadherin and ICAM-2, tissues were incubated at 4°C overnight with primary antibody, before fixation with 4% paraformaldehyde for 30 min at 4°C, as found optimal for this antiserum (25) . For desmin and SM-␣-actin immunostaining, tissue was fixed before primary antibody incubation. Anti-rat and anti-mouse Alexa 488 secondary antibodies (Invitrogen-Molecular Probes Inc., Carlsbad, CA) were used for VE-cadherin or ICAM-2, and desmin or SM-␣-actin, respectively. For mural markers, a Mouse-on-Mouse kit (Vector Labs, Burlingame, CA) was used. For CD45, tissues were fixed, incubated with anti-CD45 biotin-conjugated antibodies (BD Biosciences-PharMingen; 1:100) for 1 h, and then incubated with streptavidin-conjugated Alexa 488 or 594 (Invitrogen-Molecular Probes, Inc.; 1:500) for 30 min.
Following immunohistochemistry, sections were stained for lacZ-positive cells as described previously (5) . Coverslips were mounted using Vectashield containing DAPI (Vector Labs), and slides were viewed using a Zeiss epifluorescent microscope equipped with differential interference optics.
Quantification of vascular engraftment. Sections of liver tissue were subclassified to reflect distinct injury zones based on gross and microscopic morphology, and engraftment into vascular cells was quantified for each zone. In AA injured tissues, four zones could be defined: an injury zone, the region of acute injury; a border zone, the area immediately adjacent to and contiguous with the injury zone, with a width equivalent to one high-powered microscope field (25 m); a peri-injury zone, the area adjacent to the border zone and within the same liver lobe as the injured tissue; and a noninjury zone, a region in an uninjured lobe of the liver section. In PH tissues, we quantified areas adjacent and nonadjacent to the site of resection.
We analyzed engraftment of marrow cells into vessels of different sizes: capillaries were defined as 8 -10 m vessels comprised of Ͻ3 ECs; all other vessels were grouped as moderate to large vessels. For each vascular marker, we analyzed more than four random, nonserial tissue sections in each experimental and control liver. For each tissue section, we analyzed more than seven high-powered fields (100ϫ) in each injury zone.
Statistical methods. All data are presented as mean Ϯ SEM. Intergroup comparisons were performed using an unpaired t test. Probability values of p Ͻ 0.05 were interpreted to denote statistical significance.
RESULTS
We assessed the contribution of HSC to liver neovascularization in response to two distinct types of liver injury, PH and toxin-induced injury (Fig. 1) . The two different injury types were selected for their disparate mechanisms. PH necessitates tissue regeneration yet leaves a population of intact stem and/or progenitor cells in the remaining hepatic lobe (16) . AA, on the other hand, induces an ischemic injury that damages the periportal region and ablates tissue-resident stem and/or progenitor cells (17, 26) .
Serum transaminase levels serve as an indicator of liver injury. To monitor the degree of hepatic injury following AA injection, serum transaminases and total bilirubin levels were measured before and after injury. We found the alanine aminotransferase (ALT) and aspartate aminotransferase (AST) Figure 1 . Model of hematopoietic engraftment and liver injury. HSC were isolated and injected into recipients. After stable hematopoietic engraftment, livers were injured by either PH or AA injection. Regenerating liver tissues were assessed for engraftment of marrow-derived cells into the hepatic vasculature. 132 levels on d 1 after injury were dramatically elevated compared with baseline (2,000 to Ͼ14,000 U/L versus 25-50 U/L, respectively) (Fig. 2) . By d 8 following injury, transaminase levels had returned to baseline levels (25-75 U/L). Control animals, which underwent irradiation and marrow cell transplantation but did not receive AA, exhibited no change in serum transaminase levels. Serum total bilirubin levels were measured, but did not correlate with AA-induced injury or tissue recovery (data not shown), and therefore, did not appear to be a sensitive measurement of hepatic tissue injury in these studies.
HSC-derived cells contribute to vascular regeneration in response to AA injury, but not PH. Two weeks following PH or AA injury, livers were harvested for immunohistochemical analysis to measure engraftment of HSC-derived cells into the regenerated vasculature. At the time of harvest of AA-injured livers, irregular areas of discoloration were noticeable upon gross inspection. These areas, which resulted from AAinduced injury and ischemia, were designated the most severely "injured zones." No such changes were observed in the HSC-transplanted, but non-AA-treated controls.
Liver sections were stained with X-gal to localize transplanted lacZ-expressing HSC-derived cells, and co-immunostained for endothelial and mural cell (pericyte and smooth muscle cell) specific proteins to determine whether HSCderived cells engrafted and differentiated into vascular cells during neovascularization associated with tissue repair. CD45 immunostaining was performed to detect infiltrating blood cells; CD45-positive, lacZ-positive hematopoietic cells were eliminated from quantification. In the AA-injured livers, HSCderived lacZ-positive cells co-localized only with the EC markers VE-cadherin and ICAM-2 ( Fig. 3 ), but not with mural cell markers SM-␣-actin or desmin. In the adult, VE-cadherin is constitutively expressed in all endothelial compartments, including arteries, veins, capillaries, and lymphatics (27) ; ongoing studies plan to address the contribution of HSCderived cells to different vessel types, but is beyond the scope of this study. Thus, HSC-derived cells contribute specifically to vascular endothelial and not mural cell regeneration within 2 wk post ischemic liver injury. Importantly, liver tissue from transplanted and nontransplanted AA-injured mice was analyzed in a blinded fashion. The nontransplanted, toxin-injured livers showed no lacZ-positive staining, ensuring that neither marrow transplantation nor tissue injury resulted in endogenous ␤gal activity. Additionally, we did not observe any lacZ-positive hepatic cells.
In contrast to AA-injured livers, no lacZ-positive vascular endothelial or mural cells were observed in the livers harvested and analyzed 2 wk following PH. Thus, HSC did not contribute to neovascularization during PH-induced vascular regeneration. Both AA and PH liver injury models were repeated in several independent experiments with consistent engraftment results; a representative group was analyzed in 
Engraftment of HSC-derived cells occurs in a gradient fashion.
To accurately analyze the pattern and extent of HSC-derived cell engraftment into vascular cells, we divided the AA-injured liver tissues into distinct zones: injury zone, border zone, peri-injury zone, and noninjury zone, as discussed in Methods.
To quantify the incorporation of HSC-derived cells into EC, more than 400 VE-cadherin-positive vessels were analyzed per zone in each experimental animal ( Table 1 ). The highest levels of endothelial engraftment occurred in the injury zone, where HSC-derived cells comprised 7.6 Ϯ 1.7% (mean Ϯ SEM) of capillaries, and 16.7 Ϯ 5.2% of larger vessels. Within capillaries, lacZ-positive EC often comprised the full vessel circumference, indicating formation of new microvessels. In moderate to large vessels, lacZ-positive cells represented approximately 10% of the cross-sectional EC population, indicating remodeling of existing structures. Lower engraftment levels were observed in the border zone, where HSC-derived cells contributed to 4.4 Ϯ 1.2% of capillaries, and 2.7 Ϯ 1.2% of larger vessels. Negligible levels of endothelial engraftment were seen in the peri-injury zone and none in the noninjured zone.
To determine incorporation of HSC-derived cells into mural cells, we analyzed liver sections stained for ␤gal expression and co-stained with antibodies to SM-␣-actin or desmin. We analyzed Ͼ100 vessels per zone in each animal. However, following toxin-induced hepatic injury, we did not find colocalization of ␤gal and mural cell markers in any tissue zone.
Engraftment rates appear to be higher in large vessels compared with microvessels. A higher percentage of large vessels in the injury zone exhibited engraftment of HSCderived cells into the endothelium when compared with small vessel engraftment rates. In mice transplanted with HSC, large vessel EC engraftment rates were 16.7 Ϯ 5.2 (mean Ϯ SEM) ( Table 1) . Capillary EC engraftment rates were 7.6 Ϯ 1.7, suggesting a trend toward a higher degree of remodeling of existing vessels compared with formation of new microvasculature.
In summary, we found that injury mechanism plays an important role in determining engraftment levels of HSCderived cells into the regenerating liver vasculature. HSCderived cells contribute to vascular repair only when local endogenous stem and/or progenitor cells are ablated (AA injury). Furthermore, the vascular engraftment of HSCderived cells occurs in a gradient, with highest levels of engraftment in the most severely injured regions. Vascular EC engraftment rates are high in larger vessels, suggesting that the remodeling of existing vessels is a predominant mechanism in the repair of ischemic-injured tissue.
DISCUSSION
The presence of injury was previously shown to promote vascular engraftment of marrow-derived cells, but it was not known whether the specific type of injury played any role (15) . Herein, we used a liver model to assess the contribution of marrow-derived cells to neovascularization induced in response to different types of injury. We demonstrate that injury mechanism is a key determinant of overall contribution of marrow-derived cells to vessel repair, and HSC are the cell source of vascular progenitors in the marrow. Thus, not all types of injury elicit the same regenerative response.
In our studies, although HSC-derived cells contributed to AA-induced neovascularization, they did not contribute to neovascularization following PH. This parallels patterns observed during liver epithelial cell regeneration: following PH, the liver epithelium regenerates through proliferation of endogenous cells, including hepatocytes and differentiated intrahepatic cells, rather than through recruitment of stem and/or progenitor cells from the blood or bone marrow (16) . During liver epithelial cell regeneration, extrahepatic progenitor cells contribute only in situations in which endogenous liver cell proliferation is precluded, as seen when PH is combined with a chemical hepatic injury (16) , resulting in the destruction of tissue-resident stem and/or progenitor cells. Based on our studies, we propose that PH-induced neovascularization is mediated by the proliferation of endogenous endothelial and mural cells, or intact tissue resident progenitors. Thus, following PH, a procedure that does not damage tissue-resident stem and/or progenitor cells in the remaining hepatic lobe, HSCderived cells do not contribute to vessel formation.
In contrast to the local regenerative response observed following PH, AA-induced hepatic injury enabled the contri- 134 bution of HSC-derived cells to neovascularization. AA induces a periportal (zone 1) injury, the region in which a large percentage of the hepatic vasculature, as well as endogenous stem and/or progenitor cells are localized (28) . AA causes direct EC damage and secondary ischemia due to interruption of blood circulation, acting through oxidation of AA to acrolein, with subsequent glutathione depletion and lipid peroxidation leading to tissue injury (17, 26) . Such injury is thought to impair or destroy local cells, which would include mature vascular cells and tissue-resident stem and/or progenitors, thereby necessitating contribution of marrow-derived, circulating progenitor pools to vascular repair.
These results parallel findings demonstrated in ischemicinjury models in other organs including the heart and hind limb (3, 5, 29) . Tissue-resident stem and/or progenitor cells reside in specific microenvironments or niches, as described in organ systems such as the testis, skin, and gut crypts (30) , and are damaged in response to local injury. AA-induced injury to the periportal region, where mature vessels and endogenous stem and/or progenitor cells reside, likely results in vacant niches and enables engraftment of marrow-derived endothelial progenitor populations. In our studies, engraftment occurred in a gradient fashion, with the highest levels observed in the most severely injured regions. This supports the concept that types of tissue injury that deplete local stem and/or progenitor cells enable engraftment of circulating marrow-derived cells; whereas, uninjured tissue regions do not allow incorporation of such progenitor populations because there are no vacancies in the tissue architecture.
Following AA-induced liver injury, HSC-derived cells contributed to the remodeling and expansion of moderate to large existing vessels at high levels. These results support the idea that early restoration of blood flow in acutely injured tissue is significantly mediated by collateralization, or arteriogenesis, which involves the enlargement and remodeling of preexisting vessels to improve perfusion and enhance tissue recovery, as opposed to vasculogenesis, or the de novo formation of new microvessels (31, 32) . The exact cellular and molecular mechanisms driving arteriogenesis are not completely understood. Marrow-derived and circulating monocytes appear to play an essential role in the process of collateralization, exerting paracrine-signaling effects to promote vessel growth, and either incorporating into EC themselves, or recruiting other marrow-derived progenitor populations (33, 34) .
In summary, our studies demonstrate that injury mechanism is an important factor regulating the nature of the regenerative response. It appears that tissue injuries that leave resident stem and progenitor cells intact do not rely on marrow-derived circulating cells for neovascularization. In contrast, ischemic injury associated with ablation of local endogenous stem and/or progenitor cells enables engraftment of such cells into the tissue architecture. This is further supported by the observation that, following ischemic injury, vascular engraftment occurs in a gradient fashion: higher levels of HSC-derived cell engraftment are seen in the most heavily injured regions that have the highest vacancy of endogenous stem and/or progenitor niches. Additionally, engraftment levels are high in moderate to large vessels, suggesting that the process of collateralization plays a significant role in vascular repair. Several mechanisms, including differentiation and cellular fusion, have been implicated in the engraftment of marrow-derived cells into injured tissues (35, 36) . Notably, however, fusion is not thought to be a mechanism of vascular EC engraftment (37, 38) .
Further understanding of the mechanisms involved in vascular regeneration will enable us to better harness the potential of exogenous progenitors, as well as promote endogenous neovascularization to aid in tissue perfusion and organ regeneration. We cannot optimize the vascular regeneration required to repair tissue injury unless we are aware of the type of neovascularization normally involved following that specific injury mechanism: incorporation of HSC-derived, circulating cells, versus proliferation and expansion of resident vasculature. As advances in medicine continue to extend life on both ends of the spectrum, from the extremely preterm infant to the aging adult, the ability to enhance tissue repair has infinite therapeutic potential.
